Coasting is a fuel-efficient driving technique for hybrid vehicle that increases cruising distance by separating the engine using a clutch. When a driver needs to accelerate a vehicle in the coasting mode, the engine restarts and the clutch is engaged automatically. At this time, clutch engagement shock and re-acceleration time delay are uncomfortable for the driver. Generally, a hybrid vehicle is regarded as a two-inertia system with a clutch and backlash. This paper proposes backlash-based shock isolation control that isolates clutch engagement shock from a vehicle using gear backlash. The proposed method reduces shock by gently meshing gear backlash using speed difference control between the input and output sides of gear backlash. Thereafter, vibration suppression acceleration is performed through I-P-I-P type torsion torque control. The magnitude of the shock is quantitatively evaluated based on jerk, which is a derivative of acceleration. The effectiveness of the proposed control method is confirmed through numerical simulations and small simulator experimental results. In the experimental results, a 62% reduction in jerk is obtained using the proposed method.
Introduction
In recent years, coasting has attracted attention as a fuel-efficient technique for driving hybrid vehicles (1) . The overview of coasting is shown in Fig. 1 . When a hybrid vehicle does not require acceleration during traveling, the vehicle automatically stops the engine and disengages the clutch. Then, the vehicle starts eco-cruising without engine brake and fuel consumption. This driving mode is referred to as "coasting." When the hybrid vehicle receives an acceleration request in the coasting mode, it must re-accelerate rapidly. For re-acceleration, the vehicle restarts the engine and engages the clutch. This re-acceleration process occurs time delay of re-acceleration. Furthermore, nonlinearity and the low-stiffness part of vehicle dynamics cause re-acceleration shock and torsion torque vibration.
The dynamics of an electric vehicle are generally modeled as a two-inertia system with backlash (2) (3) . Until now, several studies have been conducted on the vibration suppression of two-inertia systems with backlash (4) - (6) . In these previous studies, vibration suppression of two-inertia system with backlash is realized by giving state quantity restrictions, torsion torque estimation by observer, and utilization of loadside sensor information, respectively. However, a hybridvehicle power transmission system has a clutch. Few studies have been conducted on controlling acceleration during the coasting mode of a hybrid vehicle with a clutch. In such a system, the plant model is changed by the clutch state. Therefore, a controller that switches operation mode according to the clutch state is required.
We have previously reported a simple three-phase reacceleration control process for a hybrid vehicle with the clutch on (7) . This method uses a control input profile determined by trial and error. How to design explicitly the profile has not been established. To address this issue, this paper proposes a new three-phase control process and backlash-based shock isolation control (BSIC). The proposed control process isolates clutch engagement shock from a vehicle by controlling the speed difference between the input and output sides of gear backlash.
In this paper, numerical simulations and experimental results confirm the effectiveness of backlash compensation. The experiment is conducted using a two-inertia system with backlash and an electromagnetic clutch as a equivalent simulator of a hybrid vehicle. The magnitude of shock is evaluated through vehicle jerk, which is a derivative of vehicle acceleration (11) .
Modeling of Hybrid-Vehicle
Figure 2(a) shows image of a hybrid-vehicle. Here, motor torque and engine torque are denoted by τ M and τ E , respectively. Engine torque is generally undetectable, and a controller requires an estimator for engine torque compensation. The power unit and vehicle are separated by clutch disengagement. Figure 2 (b) shows model of a hybrid-vehicle. The resonance frequency of a hybrid vehicle typically ranges about 3 to 30 Hz. Thus, it become a two-inertia system. Originally, vehicles contain clutch damper springs for damping engine torque pulsation. However, this study regards the vehicle model as a two-inertia system including backlash (dead zone) for ease of handling. Backlash exists in the gear and joints of vehicle transmission systems, mainly in differential gears. The dead zone width of backlash is usually known in advance. The state equation of two-inertia system is expressed by Eq. (1).
where ω M and ω L are detectable state variables for control. Here, the driving torque is defined as
Because the motor is controlled by a fast current controller, the transfer function of the motor current control system of the motor is regarded as G C (s) = 1. Since the response of the motor is sufficiently fast with respect to the response of the engine, the transfer function of the motor model is regarded relatively as 1. In this paper, the theory of the proposed method is verified using an equivalent experimental machine simulating a hybrid vehicle. Figure 3 shows the photo of the equivalent simulator. The drive-motor, and load-side motor are connected by a low-stiffness leaf spring. The power transmission system consists of a dry-type single-plate electromagnetic clutch and backlash. The engine exhibits torque ripple, which changes with engine speed, and a large time constant compared to that of the motor. Therefore, the engine torque model is simply expressed by Eq. (3). The parameters of the simulator are listed in Table 1 .
3. Basic Structure on Re-acceleration Control Process
Torsion Torque Control
Torsion torque control is proposed as a vibration suppression method for two-inertia systems. A block diagram of the torsion torque control system is shown in Fig. 4 . The structure of the I-P-I-P torsion Fig. 5 . In Fig. 4 , engine torque is the main power, and shortage is supplemented by the motor. Torsion torque τ S is undetectable; thus, it must be estimated by the observer. In addition, it is necessary to estimate engine torque for a cooperative relationship between the engine and motor. Therefore, this paper proposes to estimate engine torque and torsion torque individually by developing a zero-order disturbance observer for the two-inertia system, with engine torque considered as motor-side disturbance. It is assumed that engine torque is represented by the n-order polynomial in time t given by Eq. (4).
Considering only the zero-order term of this polynomial, the differential equation Eq. (5) is given by differentiating with 
When Eq. (5) is incorporated into the state equation of the two-inertia system (Eq. (1)), the disturbance observer is developed by using detectable output ω L and observer gain
The state equation is expressed as Eq. (6).
Observer gain k is designed for arbitrary pole placement of the characteristic polynomial of the observer. The estimated value of torsion torqueτ S is calculated through Eq. (7) using the estimated value of torsion angleθ S . The transfer function of the torsion torque control system is expressed by Eq. (8) , which assumes that the torsion torque estimation by the observer is negligibly rapid. Additionally, to prevent increase in the order of the transfer function, the load-side viscous friction D L is regarded as load disturbance and D L = 0 is assumed.
and f ω M are designed such that the characteristic polynomials of the torsion torque control system are arbitrary pole placements.
Simulation of Torsion Torque Control in Reacceleration Process
Figures 6 and 7 shows the control structure and control flow of the basic re-acceleration process including torsion torque control. First, after the driver presses the accelerator, engine and motor torque are commanded to the maximum torque. The maximum torque command increases engine speed in the shortest time. Clutch engagement timing is determined by the speed difference between the input and output sides of the clutch. When the speed difference between the input and output sides of the clutch is equal to ω ini determined in advance, the clutch is engaged. Finally, torsion torque control starts vibration suppression and acceleration. Figure 8 shows the simulation results of the control process. As shown in Fig. 8(a) , clutch engagement is executed at same the speed difference between the input and output sides of the clutch. Unexpected torsion torque oscillation exists in the transient response. Because torsion torque controller makes mesh the gear with speed difference between the input and output sides of gear backlash. Reacceleration time delay is 0.17 [s]. Load-side jerk at the moment of Re-acceleration is the maximum of 1116 [rad/s 3 ]. In Fig. 8(b) , clutch engagement is executed at the speed difference between the input and output sides of the clutch equal to 300 [r/min]. The speed difference between the input and output sides of the clutch causes clutch engagement shock, which meshes gear backlash abruptly. Thus, the time delay of re-acceleration is 0.03 [s] shorter than Fig. 8(a) . However, load-side jerk at the moment of re-acceleration is the maximum of 2381 [rad/s 3 ]. As a result, uncomfortable torsion torque exists. Figure 9 shows the experimental results of the control process. The experimental machine has no position sensor input and output sides of the backlash, the state of transient change in the backlash angle is not detected. Figure 9 (a) shows experimental results for clutch engagement at the same speed difference between the input and output sides of the clutch (ω ini = 0 r/min). Re-acceleration time delay is 0.23 [s], the delay 0.06 [s] longer than simulation. This is probably because the speed difference between the input and output sides of gear backlash decreases due to non-linear friction of the experimental machine. Load-side jerk has a waveform similar to simulation. Figure 9(b) shows the experimental results for clutch engagement at the speed difference between Fig. 9(a) . However, load-side jerk at the moment of reacceleration is the maximum of 2967 [rad/s 3 ]. The speed difference between the input and output sides of the clutch before the clutch engagement cause fast gear meshing, then exist uncomfortable high jerk acceleration. These experimental results are similar to those shown in Fig. 8 .
According to these simulation and experimental results, the speed difference between the input and output sides of the clutch and the speed difference between the input and output sides of gear backlash are important factors in shock suppression. In the other words, the shock at clutch engagement and gear meshing can be isolated by controlling the speed difference between the input and output sides of gear backlash. Based on this idea, we proposes BSIC by focusing the speed difference.
Backlash-based Shock Isolation Control
Figures 10 and 11 shows the control structure and control flow of the proposed three-phase re-acceleration control process. The control flow is divided into three phases. In phase 1, the maximum torque is commanded to increase engine speed. In phase 2, which is main part of BSIC, gear backlash is gently meshed through the speed difference between the input and output sides of gear backlash control. In phase 3, torsion torque control perform re-acceleration and vibration suppression. The difference compared with Fig. 6 is that phase 2 is inserted after clutch engagement.
Phase 2 involves using the proposed method to isolate clutch engagement shock from the vehicle using gear backlash. Figure 12 shows the block diagram of the speed difference between the input and output sides of gear backlash control system. The control scheme is generally a 2-DOF system with a disturbance observer. Engine torque is regarded as a disturbance estimated by the disturbance observer. The speed When the speed difference is controlled to zero before the moment of meshing the gear, clutch engagement shock is isolated to the vehicle by backlash.
The speed difference reference of the system (ω ref S ) is calculated offline through final-state control (8) (9) . Final-state control is commonly used with high-speed position control. In final-state control, the control reference to the final-state is determined while considering the initial state of system and the torque limit in a designable arbitrary number of steps. Final-state control calculates the speed difference reference considering the moment of meshing gear-backlash as the final state. The speed difference between the input and output sides of the clutch before clutch engagement (ω ini ) is determined to decrease the number of control steps. Final-state control is described in appendix.
In phase 1, the clutch is engaged when the speed difference between the input and output sides of the clutch reaches the value ω ini determined in advance. At this moment, when the clutch friction force is sufficiently large, the output-side clutch speed becomes equal to the input-side clutch speed. In other words, the speed difference between the input and output sides of the clutch before clutch engagement determines the initial value of the speed difference between the input and output sides of gear backlash Eq. (9).
In the final-state control of phase 2, the final state is defined as Eq. (10) and the command value is calculated.
When, the moment of meshing the gear in the final state, the speed difference controlled to ω S [k] = 0. Therefore, BSIC achieves the isolation of clutch engagement shock by backlash.
Simulation Results
The simulation conditions are listed in Table 2 . Also, the controller gains are listed in Table 3 . The values listed in Table 3 are used for the controller gains of the methods of Figs. 6 and 9. In the proposed method, a control command value to make transition from the initial state to the finalstate in 0.1 [s] of 500 control steps is generated. Initial state of the speed difference is determined by speed difference of before clutch engagement, ω ini = 143.2 [r/min]. Figure 13 shows the simulation results of the proposed method. To quantitatively evaluate the effect of backlash, the waveforms of load-side jerk compared with Fig. 8(a) and Fig. 14 , as shown in Fig. 15 and Table 4 . This comparison shows that the proposed method reduces the load-side jerk by 82%. The numerical simulation results confirm the jerk suppression effectiveness of the BSIC.
Experimental Results
This section describes the experimental results. The experimental conditions are similar to those used in the simulations. Figure 16 shows the experimental results of the proposed method. The experimental results are considerably similar to the simulation results shown in Fig. 13 . The torsion torque waveform indicates that gear backlash meshing is achieved in the designed number of steps. Load-side jerk at the moment of re-acceleration is the maximum of 653 [rad/s 3 ]. The jerk in experiment larger than simulation. Since this BSIC is a feedforward method, it is considered that the jerk at the time of gear meshing became large due to the influence of parameter fluctuation and disturbance. Figure 17 shows the experimental results of Fig. 14. This result is a steep rise in Fig. 16 . Experimental results of Fig. 10 (ω Moreover, the experimental results when the dead-zone width of backlash fluctuates are shown. The actual mechanical gap cannot be changed. Therefore, the final-state of the relative position of the backlash controlled by the final-state control is intentionally changed. Figures 19 and 20 show the experimental results when the final-state relative position of backlash 20% over and under, respectively. In Fig. 19 , the gear backlash meshes earlier than the final-state defined by the final-state control. Therefore, the rising of the torsion torque is larger than the Fig. 16 . In Fig. 19 , the gear backlash does not mesh even when the final position defined by the final-state control reaches. Since the gear backlash are meshed by the torsion torque control after executing after phase 2, the rise of the torsion torque is delayed. Figure 21 and Table 6 shows that comparison of the load-side jerk. The nominal backlash width obtains the smallest load-side jerk. These experimental results have no excessive adverse effect on the control.
Conclusion
In this paper, the re-acceleration control process in the coasting mode of hybrid vehicles is examined. BSIC is proposed based on final-state control. The gentle meshing of gear backlash is realized by BSIC in the proposed three-phase process. Simulations and experiments are used to quantitatively confirm the effect of the proposed shock suppression method. In experiments, the proposed method reduces jerk by 62% in a short time. This study is the current basic stage and closer to actual vehicles will be studied in the near future.
